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Abstract
In this investigation, I have focused on understanding the structure and 
morphology of ultrathin iron oxide films and characterizing them by STM and 
LEED. The room temperature Fe deposition results in a layer by layer growth. 
The oxidation was accomplished by annealing the sample to 810K in ambient 
oxygen. Two distinct oxide surface structures were observed depending on initial 
Fe coverage. For deposited Fe films o f less than 2 ML, an oxide layer was formed 
with preferential growth along two perpendicular directions with a banded coarse 
and a hexagonal fine superstructure. As the initial Fe coverage above 2 ML, a new 
structure was observed consisting o f uniformly thick patches of oxide with large, 
atomically-flat terraces. The oxide, that forms at low coverage was identified as 
FeO(l 11), while the structure at higher Fe coverage was identified as FejC^ on the 
basis of a model consistent with both STM and LEED, and thermodynamic data.
ix
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Chapter 1: Introduction
1.1 Motivation of study
The last decade has seen a tremendous growth in the computer industry, 
driven primarily by rapid developments in the software sector. Most sophisticated 
computing techniques and the need to incorporate 3-dimensional graphics and digital 
quality sound has driven the industry considerably to look for high density data and 
high speed storage systems and deliver them to the consumer. For example, the clock 
speed in 1990 was about 30 megahertz(MHz). At the turn o f  the decade, most 
computers had a clock speed o f 450 MHz. The hard drive in an off-the-shelf computer 
in 1990 would have a capacity not exceeding 100 megabytes(MB). The same today 
typically comes with 10 GB or more. The last 10 years has seen an explosion in 
multimedia with CD ROM’s, movies, the internet, and more recently DVD ROM’s. 
The personal computer is no longer an expensive toy, but is fast becoming as 
important as the television or the automobile. The sale o f computers has reached 
nearly every middle class household in the United States and the ability to 
manufacture in quantity has helped drive prices downward to less than thousand 
dollars.
1
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The data storage industry does not seem to have plateaued, but continues to 
grow at an impressive 100% every year in data density. The last 10 years have seen 
revolutionary changes in disk drive technology. Drives in the 80's used inductive 
heads for reading and writing data. The 90's saw a change to magneto resistive heads 
where thin film technology along the lines o f the semiconductor industry became the 
norm. The industry is now poised for yet another change in technology and is now 
adopting the giant magneto resistive (GMR) effect in its head design. These heads arc 
composed o f several layers o f thin films as thin as 10 A. The GMR effect has a factor 
of 10 higher sensitivity.
The industry continues to explore futuristic technologies for newer and more 
sensitive head materials and designs. The reason for driving sensitivities higher is 
simple. Higher head sensitivity means the bit size can be shrunk in size for higher 
densities. One of the most promising technologies for higher sensitivities are spin 
tunneling devices. These consist o f sandwiches o f three thin films, a thin insulating 
layer between two magnetic films. The “bottom” layer is permanently magnetized in a 
particular direction while the direction of the “top” layer’s magnetization is determined 
by the data bit on the recording media. If the magnetization o f the top layer is forced 
to rotate under the influence of the data bit, then electrons will tunnel from the bottom 
layer into the top layer through the insulating layer with a different probability 
depending on the relative orientation of the magnetization in the top and bottom layers. 
This difference in tunneling probability produces a signal which distinguishes 
between a "zero" or a "one" written on the disk. The spin tunneling and its associated 
signal can be enhanced dramatically by using a half metallic magnetic material for the 
contacts.
In a normal magnetic material, the electron bands are split, i.e., they have 
different energies and therefore different occupations. Magnetic metals have partially
2
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
filled bands crossing the Fermi level resulting in a  net magnetic moment. Half metallic 
magnetic materials, however, have only one of the two bands crossing the Fermi 
level. The other band is either completely filled o r completely empty but is far from 
the Fermi level. This means that electrons with only a certain spin orientation may 
tunnel into a half metallic magnetic material magnetized in a certain direction since die 
only vacant states at the Fermi level have a  preferred spin. The use of such material 
greatly enhances the spin tunneling effect by increasing the difference in outputs 
between reading a 'zero" and a "one" data bit. It is this increased sensitivity that we 
seek. Fe3 0 4 is similar, having only minority spins at EF, and is being investigated by 
industry.(1),(2)
Before considering the development of devices based on this material is, it is 
critical to understand, both the structural and electronic properties of this material. 
Efforts have been focused on understanding the structure of Fe3 0 4 during die 
formation of the oxide. To my knowledge, there have been no studies of the oxidation 
of Fe thin films on Cu(100) at high temperatures. There is general agreement that thin 
iron films can be grown on Cu(100) in a face centered cubic (fee) structure in a layer 
by layer fashion at room temperature. However, the initial growth mode of 
Fe/Cu(100) at 300K is discussed controversially in some literature. Therefore, the 
first goal of the this work is to achieve layer by layer growth in the Fe/Cu(100) 
system. The second goal is to examine structural and morphological changes on 
oxidation of Fe thin films on Cu(100).
1.2 Growth of Iron on Cu(100)
Fe growth on Cu(100) has attracted much interest due to the unusual 2D 
magnetic behavior of the Fe film.(3) Understanding the system Fe on Cu(100) has 
challenged experimentalists and theoreticians for more than a decade. Questions about 
the structure, magnetism, electronic structure, growth, and morphology(4) have
3
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resulted in a large number o f experiments. There is general agreement that thin Fe 
films can be grown on Cu(100) in a face centered cubic(fcc) structure at room 
temperature, in spite of the fact that the stable bulk iron structure is body centered 
cubic (bcc). Cu has a lattice spacing o f 3.61 A at 300K, which is only 0.7% larger 
than the calculated lattice spacing of fee Fe (3.59 A) at room temperature. Both the 
good lattice match and well known immiscibility of Fe and Cu suggest that the growth 
o f iron films on copper should be a simple process.(5) However, there is a  history of 
conflicting conclusions about the growth mode at room temperature (RT). One 
explanation is that samples prepared by different recipes may not be regarded as 
comparable, because the growth of Fe on Cu(100) is unusually sensitive to variations 
in temperature and cleanliness, and can be affected by the presence of adsorbed gases 
which act as wetting agents.(6)
While several groups report a layer-by-layer growth mode from break in 
Auger uptake curves(7), (8) and scanning tunneling microscopy(STM) images(5), 
other groups report Fe agglomeration and Cu surface segregation from X-ray 
photoemission spectroscopy (XPS) forward-scattering results.(9),(10) Still other 
groups report that the Auger breakpoints appear to result from bilayer growth.(l 1) A 
recent low-energy ion-scattering investigation reported(l2) bilayer island formation in 
the low coverage regime, and Fe was found in about equal amounts in both the 
surface and the first subsurface layer. Near a 2 monolayer (ML) coverage o f Fe a 
relatively smooth bilayer exists. STM results(6) appear to show as Fe patches 
incorporated into the original Cu surface layer, the Fe atoms replacing Cu atoms 
which then attached themselves to nearby Cu step edges. Obviously, the situation is 
not clear, and the discrepancies are most likely related to differences in film 
preparation conditions, growth temperature, and vacuum conditions.
4
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1.3  Formation and Structure of Iron Oxides
The chemisorption o f adsorbates such as oxygen on metal surfaces frequently 
causes a restructuring o f the surface, i.e., metai-metal bonds are broken, and new 
adsorbate-metal bonds are created resulting in structures with a significantly altered 
atomic density in die top most layer.(13) Although it costs energy to break nearest- 
neighbor metal bonds, this is often compensated by the lager chemsorpdon energy of 
the adsorbate on the reconstructed surfaces compared to the virgin one.(14) 
Generally, the stronger the adsorbate-metal bond, the more likely the reconstruction.
It is well known that the 3 different iron oxide phases can be transformed into 
each other. The transformation process is sensitive to the environment in which it 
takes place. The metastable Fe20 3 (hematite) phase can be obtained from F e ^  
(magnetite) by moderate annealing in air, whereas higher temperatures lead to the 
thermodynamically most stable Fe30 4. It was also found that air-exposed magnetite 
oxide samples are covered with a layer of Fe203.(15)
However, the transformation upon annealing is reversed in ultrahigh vacuum 
with F e ^  transformed into Fe30 4 by heating, which can be further reduced to FeO 
at temperatures above 873K.(16)
1.3.1 FeO
FeO which goes by the mineral name of wustite crystallizes in the cubic 
sodium chloride structure with a large number o f vacancies and with the Fe2* iron 
cations , octahedrally coordinated to the O2 oxygen anions. In bulk form it is only 
thermodynamically stable above 843K(17) ,(18) ( see Fig. 1.1).
1.3.2 a-F e20 3
a - F e ^  known as hematite has the rhombohedral structure o f corundum with 
antiferromagnetically ordered Fe3* cations located in the disordered oxygen octahedral
5
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Fig. 1.1 Schematic illustration of the surface periodicities o f F eO (lll). Fe21- 
cations are the dark filled circles and 0 2~ anions are the open circles. The lattice 
vectors of the ( I X  I) unit cell are also indicated. The surface unit cell constant 
is 3.04 A.
6
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Fig. 1.2 Schematic illustration of the surface periodicities o f the a -F e ,0 3(0001). 
Dark circles represent the Fe3'  cations and open circles represent the O2' anions. 
The lattice vectors of the unit vectors are also indicated. The surface unit cell 
constant is 5.03 A
7
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Fig. 13 Schematic representation of ideally terminated Fe30 4( 111) surface. The 
unit mesh is indicated. The surface unit cell constant is 5.92 A.
8
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holes formed by the nearly hexagonal close-packed O sublattice. The metastable form 
of y - F e ^  has a cubic inverse spinel structure very similar to Fe30 4 and differs from
y -F e ^ j in that it contains ordered vacancies in the octahedrally coordinated iron
sublattice.(19),(20),(18) (see Fig. 1.1)
1.3.3 Fe30 4
Fe30 4 (magnetite) is ferrimagnetic and has the cubic inverse spinel structure 
with a lattice constant of 8.3967 A(17) FejQ* has a  cubic-close-packed O lattice, with 
close packed O planes lying perpendicular to the [111] direction (see Fig.1.3) (21) the 
Fe304 unit cell contains eight Fe3* ions in fourfold coordination with O, and eight Fe2* 
ions and eight Fe3* ions in six fold coordination with O, the inverse spinel 
arrangement Fe30 4 is frequently observed in nature as octahedral crystals, exhibiting 
(111} faces. The spins of Fe ions in octahedral and tetrahedral sites couple 
antiferromagnetically, resulting in a net magnetization due to the different total 
magnetic moment in the two sublattices. The high room temperature conductivity of 
magnetite is attributed to a continuous hopping of electrons between octahedral Fe 
ions.(3) This hopping is frozen out below 124K at which the Verwey phase transition 
occurs.(18) Semimetal Fe304 is extensively used in a large number of technological 
applications, particularly, in the recording media industry.(22) Furthermore, it is of 
great interest in geology and archeology because o f its frequent occurrence in the 
earth's crust and its impact on the local magnetic field.
1.4 Previous Studies
The adsorption of oxygen on iron surfaces and the transition from adsorption 
to oxidation have been studied by many authors using a wide variety of methods. 
Very different results are obtained if the temperature at which the oxidation is 
performed is varied.
9
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1.4.1 Oxidation at room temperature
H. den Daas at el.,(23) performed detailed studies on the interaction between 
the Fe/Cu(100) interface and oxygen, as a function of both the iron film thickness and 
the oxygen exposure at room temperature using Auger electron spectroscopy (AES), 
ultraviolet photoemission spectroscopy (UPS) and X-ray photoemission (XPS) 
spectroscopes. In their study, the analysis o f  the Fe 2p XPS spectra showed that 
Fe20 3 is always formed on the surface o f the iron thin films 0.5-10 ML exposed to 
104 L (1L = one second exposure at I X 1CT* Torr) of oxygen independent o f the iron 
thickness. Fe 2p peaks for 0.5 and 1 ML iron films exposed to increasing amounts of
oxygen (1-104 L), showed the presence o f both Fe and Fe in the middle stages of 
the oxidation. However, the Fe M W  Auger transition of 1 ML o f iron on Cu(100)
0 3+
suggested that during the oxidation, the iron phase changes directly from Fe to Fe .
The oxidation at room temperature o f  the Cu(100)-Fe system has also been 
studied by Kishi and Nishioka(24) again using XPS. Exposing surfaces containing 
0.3, 0.6, and 2.0 ML Fe to 750L o f 0 2 resulted in shifts of the Fe 2p3/2 peak which 
were ascribed to FeO like species for the two lowest coverages and Fe3 0 4 like species 
for 2 ML of Fe. Whether FeO or Fe3 0 4 was present on the surface depended on the 
initial Fe coverage. Their conclusions are based on the shape of the Fe2p3/2 peak as 
measured with XPS.
These contradictory studies o f the oxidation of Fe on Cu (100) at room 
temperature suggest that further study of this system, with a tool such as scanning 
tunneling microscopy(STM), may provide the additional information needed to 
resolve this ambiguity.
1.4.2 Oxidation at high temperatures
Lennie et al.,(20) used STM to investigate the geometry of iron oxide surfaces 
at the atomic level. The images showed that the Fe30 4( l l l )  surface can
10
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simultaneously have two terminations, each separated from the other by surface 
steps. One has been identified as 3/4 ML of Fe atoms and 1/4 ML of O atoms, which 
together overlays a close-packed O layer. The other termination corresponds to an 
unreconstructed (111) surface that exposes 1/2 ML o f Fe atoms over a close-packed 
O layer. STM images of a  bulk Fe3 0 4 (111) reveals a  one-dimensional reconstruction
consisting of rows running along the <T10> direction. This morphology is not 
obviously consistent with a bulk termination o f  Fe30 4 or any of the other possible 
iron oxide phases(19),(20),(25),(26),(27) obtained STM images from an FejO^lOO) 
crystal showing evidence for several different reconstructions which depend on the 
surface preparation conditions.(13)
Past literature indicates that the iron-oxide that forms at room temperature is 
predominantly Fe20 3.(18) It is well known that the different oxides can be 
transformed into each other. The interaction of oxygen with Fe(llO) has been studied 
by V.S. Smentkowski and J.T. Yates(16) in the range o f 90 to 920K using Auger 
spectroscopy. They found that for temperatures between 300 and 500 K, an Fe203 
overlayer develops on top of a reduced oxide, FejO^ at high 0 2 exposures. The 
Fe20 3 layer is unstable at temperatures above ~ 600 K; conversion of Fe20 3 to Fe3 0 4 
occurs with Fe diffusion into Fe(110) substrate. Thick Fe^,* overlayers may be 
produced at 600 K by high 0 2 exposures. At temperatures o f ~700K and above, Fe 
diffusion from the Fe(100) crystal into the Fe30 4 forms FeO. Since our thin Fe films 
do not provide a similar source of Fe, this latter mechanism is not operable in our 
films and therefore, the F e ^  should persist at the high temperature and high oxygen 
pressure we use to oxidize our films.
All these studies have involved oxidation o f Fe single crystal at room 
temperature which resulted in either FeO, F e ^  and F e ^  or some mixture according 
to the interpretation of the results by the investigators.
II
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Chapter 2: Instrumentation
The first part of this chapter describes the scanning tunneling microscope 
(STM) instrument, while the second part describes the low energy electron diffraction 
(LEED) optics along with a history and operation of these instruments.
2 .1  Scanning Tunneling Microscope
The study of surfaces has enjoyed an explosive growth during the last 25 
years, due to the development of many new techniques for probing the symmetry, 
chemical composition, and the electronic and vibration states of surfaces either clean 
or with adsorbed atomic and molecular species.The STM is one of the most important 
tools since it can obtain real space images of the surface. It uses an atomically-sharp 
metal tip ending in a small cluster of atoms which is brought very close to the surface, 
but without actual physical contact. At close enough distances there is a  very small 
overlap of the wave functions of the surface with the nearest atom of the tip. When a 
bias voltage is applied between the sample and tip, a tunneling current flows across 
this gap with a probability that increases exponentially as the tip approaches the 
sample. This current can be measured, and the magnitude depends on the distance 
between the tip and the surface. In use, the tip is mounted on a 3-dimensional
12
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positioner that raster-scans above the sample. A feedback mechanism moves the tip in 
and out to maintain a constant tunneling current also making sure the tip doesn't 
actually touch the surface. Measuring the amount of in and out motion during the 
raster scan produces a topographic map o f the surface. The STM can be operated in 
vacuum, in air, or in liquids. Our work is done under ultrahigh vacuum with 
pressures less than 10'IOTorr. (Fig. 2.1)
Compared with other common surface sensitive techniques such as ultraviolet 
photoemission spectroscopy(UPS), inverse photoemission spectroscopy (IPS), 
electron energy loss spectroscopy (EELS), LEED, Auger and infrared reflection- 
absorprion spectroscopy (IRRAS), STM has a unique advantage. Whereas those 
techniques only provide information averaged over large regions of the surface, the 
tunneling current in STM flows from a region of the surface only ~ 5 A in diameter, 
so that information can be obtained on an atom-by-atom  basis. The ability o f the STM 
to image individual atoms directly in real space and time has become its most 
significant feature. This is a critically important advance since many chemical and 
physical phenomena at surfaces are associated with "active sites" such as dopants, 
impurities, steps, or defects that are very localized and occupy only a small fraction of 
the total surface area. Most experimental techniques average over such a large surface 
area so that studies of local surface properties are extremely difficult if not impossible. 
The availability of ultra-high vacuum (UHV) STM has revolutionized these studies, 
and made it possible to examine the atomic structure o f surfaces in remarkable detail.
Again, the basic idea is to raster the tip in the two lateral dimensions while a 
feedback circuit continuously adjusts the tip height to keep a constant tunneling 
current. A constant current corresponds to a constant tip height, atomic arrangement 
on the surface and can be inferred directly from the tip height feedback circuit. It is 
also possible to maintain the tip at a  constant height above the surface and
13


























Fig. 2.1 Schematic view of components of a Scanning Tunneling Microscope
look at the change in tunnel current. This requires a faster scan rate and surface 
features are reflected as fluctuations o f the current, rather than in the tip height. 
However, this "constant height" mode o f imaging is practical only in special cases 
such as graphite surfaces which have very flat surfaces.
2 .1 .1  Constant current mode
The constant current mode o f  has two distinct advantages over other 
approaches. One is that this mode avoids the need to measure currents varying over 
orders of magnitude. The current changes by roughly one order of magnitude for 
every angstrom o f vertical motion of the rip relative to the surface. The second 
advantage is that the resulting image will correspond closely to a "topograph " o f the 
surface i.e., the vertical scale will be linear.(28) Because of the general superiority of 
the constant-current imaging mode for quantitative investigations, only that mode is 
used in this study.
2 .1 .2  T unneling  Theory
STM images contain not only structural information about the surface being 
imaged, but also information on the electronic structure. It is therefore important to 
understand the role the electronic structure plays in the STM images and to what 
extent the desired surface structural information can be extracted. STM involves the 
tunneling of electrons through vacuum between the tip o f the STM and the sample. 
The probability for tunneling depends not only on the rip height but also on the 
availability o f empty and filled electronic states in the surface and the rip. In addition, 
STM images are sensitive to the tunneling physics, which include effects like multiple 
tunneling channels(29) Multiple tunneling channels means tunneling phenomena occur 
in more than one place between the rip and the sample. If it happens, it produces 
multiple images in the same scan.
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For simplicity, STM can be considered as tunneling between two metallic 
electrodes, separated by a vacuum region. One can directly calculate the transmission 
coefficient for an electron incident on the vacuum barrier between the surface and 
dp(30) In this simplified form, it is easy to obtain the trivial solution o f the 
Schrodinger equation, for a rectangular barrier:
y\f =  e 1̂  (2.i)
The critical parameter in this solution is k. One finds that:
k  =  A/ [ 2 m ( V b - E ) / h 2 ] (2.2)
where, Vb represents the barrier potential, E is the energy of the particular state, and h 
corresponds to the reduced Planck constant. In order to simplify the model, Vb can be 
replaced by its average value across the potential barrier; however, Vb, generally, 
would not be constant. With this simplification, the system then becomes a 
rectangular potential barrier and further analysis leads to the result that the tunneling 
current through the vacuum is proportional to:
2ks}
e 1 1 (2.3)
where, s is defined as the separation between the tip and the sample(29). This result 
turns out to be the key to STM. If an atomically sharp tip is used, the tunneling 
current from the closest atom of the tip to the surface will be exponentially larger than
16
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that of the tip atoms even slightly behind it. Substituting typical work function values 
for (Vb-E) in the equation for k, one finds that the tunneling cunent decreases about 
an order of magnitude for every angstrom of separation.
2.1.3 Piezoelectric Tube
One of the critical design elements of the STM is the movement and control of 
the position of the tip to distances on the order o f 0.1 A in 3-dimensions. This three 
dimensionaL movement of the tip is achieved by using piezoelectric drivers.
The Park Scientific Instruments STM used in this study utilizes a 
piezoceramic tube which is a ceramic tube with its inner and outer surfaces coated 
with metal electrodes. The tube is constructed of polarized molecules which are 
oriented at an elevated temperature by applying a (typically) positive voltage to the 
outer electrode while the inner electrode is maintained at ground potential. The 
positive voltage causes the molecules to align themselves partially with the positive 
end outward, resulting in a positive outer and a negative inner radial polarization. The 
ceramic is then cooled to retain this polarization pennanently(29) The resulting 
ceramic has a net negative charge on the inside surface and net positive charge on the 
outside surface. When a voltage is applied with the same polarity as the polarizing 
voltage, the element experiences a temporary expansion in the polarizing direction 
(i.e., the tube radius expands) and contraction in the perpendicular direction (i.e., the 
tube length contracts). It is this contraction that causes in the tube to bend. In order to 
achieve scanning in the X and Y directions, the outer electrode of the tube is sectioned 
into quarters as shown in the Fig. 2.2 Keeping the inner electrode at ground, a 
positive voltage is applied to one o f the quartered electrodes, causing that segment of 
the tube to contract along its length. This causes the tube to bend perpendicular to its 
axis. In practice, push-pull voltages on opposite tube quadrants are used. While a 
voltage on a single quadrant will result in the tube bending in the x or y  direction, it
17
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Fig. 2.2 The piezoelectric Tube scanner
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will be accompanied by some undesirable net motion in the z-diiecdon. Opposite 
polarity voltages o f equal magnitude on opposite quadrants will bend the tube with no
net z motion.
Motion of the tube in the Z  direction is obtained by applying a voltage to all 
outside electrodes uniformly. A positive voltage causes a uniform contraction o f the 
tube a negative voltage causes an expansion.
2.1.4 Vibrational Isolation
The other critical design element for an STM imposes the requirement that 
mechanical noise be less than 0.01 A. Mechanical vibrations that can reach the 
sample-tip junction can originate from distant sources, from sources within the 
building, from the vacuum chamber in which microscope sits, or possibly 
components of the microscope itself. The AutoProbe VP employs a double-stage 
spring suspension as part o f the vibration isolation system. The vibration isolation 
stage consists of two parts: a  circular inner platform and a larger ring-shaped outer 
stage, as shown in the Fig. 2.3 The sample stage and the piezoelectric tube scanner 
are mounted on the inner platform which is attached to the outer stage by springs. 
Both platforms are mounted together on another set of springs attached to the frame of 
the UHV head. The configuration constants of the two sets of springs are different so 
that a broad range of vibration frequencies are filtered out. The other part o f the 
vibration isolation system is the magnetic damper, consisting of 8 rare earth magnets 
attached to the outer stage in pairs. The magnets are set between copper blocks 
connected to the inner stage and the outer frame. Motion of the copper blocks relative 
to the magnets induces eddy currents which damp the motion. Some of these copper 
blocks also function as part o f the locking mechanism. The vibration isolation system 
is kept locked during the transferring of the sample in or out of the stage and is 
unlocked while the STM data is being taken.
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Fig. 2.3 Schematic view of vibration isolation system employs a double-stage 
spring suspension as part o f the vibration isolation stage. The vibration isolation 
stage consists of two parts. A circular inner stage, and a ring-shaped outer stage. 
The inner stage is attached to the outer stage by springs, and both stages hang 
together on another set o f springs attached to the frame of the UHV head.
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2.1.5 T unneling  T ip
The tunneling dp is another crucial component o f the STM. The chemical identity and 
geometry of the part of the tip that is closest to the sample surface completely 
determines the stability and resolution, although these two parameters are extremely 
difficult to control or quantify. The best images are obtained when tunneling is limited 
to a single metallic atom at the end o f the tip. Anomalous imaging artifacts will appear 
when simultaneous tunneling occurs through multiple atoms on the tip. This is 
commonly referred to as double-tip imaging. Since the tunneling current varies 
exponentially with the gap distance between tip and the sample, with a typical work 
function of 4 eV, the tunneling current increases by a factor o f 10 when the gap 
distance decreases by 1 A. That is, if one atom at apex of the tip is 1 A closer to the 
sample than all other atoms of tip, most of the tunneling current will flow through the 
apex atom.
Because vibration isolation is a critical factor in microscope design, a 
tunneling tip needs to be rigid. Typically it is rather thick (1 mm) and comes to a 
point rapidly. It has been proposed that higher resolution is attained by tunneling to or 
from d-orbitals since electrons in these orbitals are more strongly localized than 
electrons in s states. The d-band tip is more sensitive to small features because the 
tunneling matrix element is enhanced by the greater charge localization. Therefore, the 
two most common types of tips are W and Ptlr, which have d-band electrons at the 
Fermi level.
2 .1 .6  Basic Principles of Imaging Adsorbates
The behavior of adsorbate atoms and molecules is controlled by their 
interaction with the substrate which produces changes in their electronic structure as 
well as their exact location on the surface, i.e. their binding sites.(29) STM 
measurements allows both the observation and characterization o f these adsorbates. A
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clear identification o f individual adsorbate species depends on different factors such as 
their mutual separation, the extent to which they effect the tunnel current and their 
mobility. In general, isolated adsorbates (or small islands) are quite mobile at room 
temperature.
One important method for the characterization of adsorbates by STM is based 
upon their influence on the tunnel current. An adsorbate can produce a local 
modification in die electronic structure at and above the surface. This results from 
changes in the electronic structure o f the substrate due to the chemical bond that 
forms between substrate and adsorbate, and from changes in the adsorbate states. 
These modifications in the local electronic structure affect the tunnel current and thus 
the STM image.
2 .2  Low Energy Electron Diffraction Optics
The LEED optics used in this experiment were constructed in our laboratory 
using a modification of the design first developed at the National Institute o f 
Standards and Technology. Our LEED optics have a total acceptance angle of about 
60°. The arrangement in Fig. 2.4 shows an electron gun that delivers a focused beam 
of electrons to the sample which is centered in the LEED optics. The elastically 
scattered beam passes through the two hemispherical and one flat grid, and collides 
with the front surface of the first microchannel plate (MCP). The MCP is a bundle o f 
25 pm diameter electron multipliers approximately 1 mm long packed into a diameter
of 2”. Each plate provide a gain of ~10^. Two plates are used in tandem to provide a
gain of -lO ^ so that a single electron ejected from the sample surface can be 
observed. The output electrons from the plates are accelerated t o a phosphor screen 
which provides a visible output. This is viewed with a high resolution CCD video 
camera and the image is stored in a Macintosh Computer by a frame grabber (LG-3,
22
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Scion Corporation using Scion-Image 1.54 software as the driver). To improve the 
picture quality, 75 one second images were averaged for each LEED image.
2.2.1 LEED Optics Head
The optical head is shown in Fig.2.5 with its individual components. It is 
mounted by means of stainless steel standoffs on a 8" Conflat flange that has proper 
electrical feedthroughs welded into i t  The insulating material is Macor and the grids 
are 50 wires per inch with 0.001" stainless steel wire. The stainless steel mounting 
pieces were produced in the Physics Department machine shop at Louisiana State 
University and the grids were made in the Surface Science Division machine shop at 
the National Institute of Standards and Technology.
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Fig.2.4 LEED Optics with the experimental setup.
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(1) Insulator
(2) Grid I Mounting Ring
(3) Grid 1, Spherical, 50 wires per inch, S.S.
(4) Grid 1& Grid2 Spacer
(5) Grid 2 Mounting Ring
(6) Grid 2, Spherical, 50 wires per inch
(7) Grid Standoff Insulator
(8) Grid 3 Mounting Ring
(9) Grid 3, Rat, 100 wires per inch
(10) MCP Mount
(11) MCP (0.024" thick each)
(12) MCP Contact
(13) Phosphor Screen Spacer
(14) Phosphor Screen
(15) MCP Retaining Ring
(16) Grid-MCP Tie Down Rod
Rg. 2.5 LEED optics head
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Chapter 3: Experimental Methods
This chapter describes the experimental methods used in this research with the 
first section being devoted to the vacuum chamber housing the STM and LEED. The 
second section deals with cleaning and characterizing the Cu(100) substrate. The third 
section deals with the techniques used to grow and oxidize the thin films. The third 
section describes the computer simulation of the 1EKU patters to compare with our 
experimental data.
3.1 Experimental setup
A layout o f the experimental setup is shown in Fig. 3.1 The main chamber 
houses the scanning tunneling microscope and LEED optics. The manipulator in the 
chamber was specially designed for removing the sample from the transfer arm and 
positioning it on the STM stage. It also serves to position the sample in front of the 
LEED optics. It is equipped with a sample heating system (27 -  1200°C). The sample 
preparation chamber, which was designed in-house, is connected to the main chamber 
through a gate valve. Samples may be transferred between the two chambers using a 
magnetically coupled transfer arm. This facilitates the introduction of samples without 
breaking vacuum in either the two chambers. This also prevents coating the
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Fig, 3.1 Experimental setup
delicate optics in the LEED system and the insulators and tip in the STM chamber by 
the evaporation sources used to deposit the thin films. Both chambers are maintained 
throughout the experiment at UHV. The base pressure in the main chamber was
below 5xlO~H Torr and that in the preparation chamber was below 2x10*9 Ton- 
even during film deposition.
3 .1 .1  Scanning Tunneling Microscopy
The STM and its UHV chamber were commercially manufactured by Park 
Scientific Instruments. It is an Auto Probe VP 900 model capable of STM and atomic 
force microscopy (AFM) mounted in a UHV chamber and used exclusively in the 
STM mode in these experiments. The system is equipped with an auto approach mode 
which brings the tip up to the sample without crashing into the surface, which is one 
of the more delicate operations o f  the experiment.
The STM was operated with two different scan modes. The large area scan
(400 A2 to 10 pm2) was the low resolution mode ( 0.05 A resolution) and the small
area scan (15 A2 to 5 pm 2) was the high resolution mode (0.01 A resolution).
Initial scans were taken in the low resolution mode to locate an area that was 
reasonably flat and relatively uniform. When such an area was found, the instrument 
was switched to the high resolution mode. The time lapse between completion of the 
sample preparation and the first scan in the high resolution mode was about an hour. 
Also, the instrument can be operated in 256 X 256 or 512 X 512 pixel mode which 
increases the resolution of the image by a factor of 5 to 0.01 A. For most of the data 
presented here, a bias of positive 500 mV was applied to the sample and the tunneling 
current was held to 2 nA.
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3 .1 .2  Tip P reparation
Electrochemical etching is the most common way to prepare W  dps. In this 
method a tungsten wire, 1 mm in diameter, is used as the working electrode of an 
electrochemical cell. The electrolyte is an 0.5 M KOH and carbon rod used as a 
counter-electrode. The immersed portion of the W wire is etched as ac current is 
passed between the electrodes.(31)
Tungsten tips made with this procedure have a  "wet" oxide layer covering the 
surface. If the oxide layer is not removed, the tunneling current is unstable and the 
image quality is poor. We use a field evaporation method with the tip in the STM to 
remove the oxide layer by applying a few hundred volts of positive 1X3 bias between 
the tip and the sample with a tip-sample spacing about few pm. This sharpening is 
repeated as needed during the STM experiments.
Pt/Ir tips, which are softer(31), are formed simply by clipping the end of a 
0.02” diameter wire at an angle with wire cutters. Prior to each data run, the tip was 
cleaned in vacuum by field emission as described above. A potential of about 
+100 V was applied to the tip with the sample held at ground. The tip was manually 
brought up to a spot near the edge of the sample until an emission current of about 1-5 
mA was observed. This position was maintained for about 1-2 minutes after which 
the tip was pulled back. It was repositioned toward the center of the sample using the 
X motion.
Tungsten tips are more durable and usually give higher resolution but 
become oxidized when exposed to oxygen. When the STM was exposed to oxygen, 
Pt/Ir tips were used since they do not oxidize as easily.
3.2 Substrate p reparation
Cu is an extremely soft material and therefore presents several challenges in 
surface preparation. Our goal was to obtain and maintain a well ordered surface free
29
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of pits, impurities, and large scale structures. A mirror like finish was maintained 
throughout the entire series o f experiments. The initial sample preparation and 
subsequent cleaning techniques are given in detail. A 1 cm long, 0.2 cm  wide Copper 
single crystal, purchased from Monocrystals Company, was oriented using Laue 
diffraction X-ray analysis. The crystal was subsequently mechanically polished to 
produce a surface parallel to the (001) orientation. The crystal was hand polished with 
decreasing size o f alumina powder, beginning with 30 pm and ending a t 0.05 pm, to 
obtain a mirror finish. This was followed by electropolishing in a  solution of 25% 
hydrochloric acid and 75% phosphoric acid at room temperature to remove the first 
several layers of material from the surface to ensure that the surface was free o f any 
damage due to mechanical polishing. In this procedure, the crystal is suspended on a 
pure Cu holder and serves as the anode (+), while a pure Cu plate serves as the 
cathode (-). The electropolishing is performed for 30 seconds at a voltage of 2.1V 
and then thoroughly rinsed with distilled water. A final check by X-ray diffraction 
showed that the surface orientation was not altered by the mechanical or chemical 
polishing process. The sample was then mounted on a molybdenum plate to match the 
holder on the XYZ rotation vacuum manipulator. An isolated thoriated tungsten wire 
fixed behind the plate on the manipulator serves as a filament for either direct or 
electron bombardment heating. To measure the temperature of the sample, a W-5% Re 
/ W-26% Re thermocouple was spot welded to the holder very close to  the sample. 
The reason the thermocouple was not spot welded directly to the sample was to avoid 
destroying the crystallinity of the very soft and easily damaged Cu crystal.
The sample was further cleaned in the ultra high vacuum (UHV) system using 
cycles of Ar+ ion sputtering at 500eV for 15 minutes followed by annealing to 600’ C 
for 1 0 -2 0  minutes. The annealing helps to increase the mobility of the atoms on the 
surface and redistribute the atoms to render an ordered surface. Longer sputtering
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times resulted in a roughening o f the surface as evidenced by a haze developing over 
the mirror finish. After about 25 sputter-anneal cycles, sharp I.HKU patterns from the 
clean Cu(100) sample were obtained as well as clean terraces visible in the STM 
images a few hundred A or more in size. After the initial cleaning, the sample was 
prepared on a daily basis with 4 -5 o f the above cleaning cycles to remove the oxide 
and surface contaminants, which accumulate overnight. The crystal was allowed to 
cool for at least 1 h to reach room temperature before deposition.
3.3 Thin film growth
The thin film growth is done by depositing a thin layer o f Fe onto the Cu(100) 
substrate and then heating the resulting Fe/Cu(100) to a high temperature in an oxygen 
atmosphere.
3.3.1 Fe Deposition
The Fe thin films were grown in situ  in the sample preparation chamber to 
avoid contamination and oxidation by air. Molecular beam epitaxy (MBE) was used to 
deposit the films which simply means the source material was heated to an 
evaporation temperature that allowed deposition at a reasonable rate. Film thicknesses 
ranged from sub monolayer to 10 ML.
The Fe films were grown at room temperature (300 ±  2K) with evaporation 
rates of less than 0.2 ML/min. The base pressure of the chamber was 2 x 10'9 Torr 
and never exceeded 5 x 10'9 Torr during evaporation. A special evaporator was 
designed, constructed and assembled in-house for this purpose. It consisted of a high 
purity (99.99%) 1 mm diameter Fe wire that was heated by electron bombardment. 
The Fe rod was mounted along the axis o f a hollow cylindrical copper cooling block. 
A concentric filament was placed around the free end of the rod. By passing ~ 5 
amps of current through the filament, and biasing the rod to +2 kV which produced a 
2 mA emission current, the tip was heated by the thermionically emitted electrons,
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which bombarded the Fe rod with 2 keV o f kinetic energy, resulting in heating and 
evaporation of Fe. An aperture was used to collimate the beam o f Fe atoms to the 
substrate. The Cu crystal was at a  distance o f about 10 cm from the aperture during 
evaporation. Outgassing the source for several hours was effective in eliminating 
contaminants and allowing the chamber to maintain its high vacuum. The block 
surrounding the filament was cooled using liquid nitrogen to keep the temperature and 
therefore pressure in the chamber from increasing during deposition. In the 
evaporation process, a small fraction of the Fe atoms are ionized by the high energy 
electrons. This produces an ion current to the substrate which was used to monitor the 
film growth process. The ion current to the substrate was maintained at the ~2 nA 
level by adjusting the election bombardment current The product of the evaporation 
time and this ion current was used as a rough indicator of the film thickness.
Coverage calibration was accomplished by imaging the surface after each 
evaporation step and calculating the distribution of Fe in the partial monolayers with 
accuracy estimated to be better than 15%. At no point did we see any evidence for 3- 
dimensional island growth for less than 0.8 ML Fe coverage that were reported by 
some groups(6), indicating that there was no Cu/Fe intermixing at room temperature. 
All submonolayer Fe films showed the sharp LEED pattern of the Cu substrate 
indicating that they were pseudomorphic with Cu.
3 .3 .2  O xidation
During the oxidation, the sample plate which holds the Cu crystal was heated 
from the back side by electron bombardment The temperature of the filament was 
electronically stabilized so that the sample temperature could be held constant to ±  2K. 
The chamber was filled with oxygen to 1 x 10 ^T orr at room temperature and 
simultaneously the sample was heated at a slow rate to 810K and maintained at this 
temperature for 3-5 minutes. It was then cooled at a very slow rate (0.5 degree per
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sec) to 500K and then cooled at a faster rate to room temperature. During cooling, the 
oxygen exposure is stopped around 550K.
3.4 Simulation of LEED
Simulations were done on a computer using the public-domain software 
package called NIH-IMAGE to better understand our LEED. Computer simulated 
LEED patterns were produced by taking Fourier Transform of systems which are 
identical to our experiment. We obtained separate simulated LEED patterns for 
F eO (lll), F e ^  (OOOl)and F e A  (111) on Cu(100).
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Chapter 4: Fe growth on Cu(100)
This chapter presents the experimental results which were obtained by STM 
and LEED. The first part o f the chapter describes the result from clean Cu. The 
second part discusses the Fe growth on Cu(100) as a function o f Fe coverage.
4.1 Clean Cu(100)
After polishing to mirror finish, freshly prepared surfaces typically show a 
large number of rather smooth valleys and hills several hundred angstroms in size. 
These defects can significantly alter the subsequent film growth process. Only after 
careful and often tedious cleaning procedures were we able to obtain extended, 
atomically flat terraces and almost exclusively monoatomic steps. On our Cu surface, 
it was always possible to obtain terrace sizes o f a few hundred angstroms wide.
Fig.4.1 shows a 1000 A x 1000 A STM image of clean Cu(100) after the 
surface has been cleaned by short sputter cycles inside the preparation chamber. The 
steps we observe are rather complex as shown in Fig. 4.1 where several different 
structural features are observed. Step edges are relatively straight over short distances 
but have numerous kinks along them and are not necessarily parallel. Cu steps are
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Fig. 4.1 An (0.1 ^m2) image of clean Cu surface after performing several 
short sputter-anneal cycles showing atomically flat Cu terraces
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Fig. 4.2 LEED pattern of clean Cu( 100) at an electron energy of 60
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often found to extend linearly over many hundred, or even thousands, o f angstroms. 
A few defects and a number of impurities are still seen.
From the STM we measure a monoatomic step height o f 1.8 A which is 
consistent with other experiments and theoretical calculadons.(17) Steps are found 
mainly perpendicular to the [010] direction and their density suggest a misalignment 
of the surface of 0.7°. The surface can be further improved by one or two more 
sputter-anneal cycles. Fig. 4.2 shows the five spots typical o f a LEED pattern o f clean 
Cu(100) at an electron energy of 60 eV.
If the surface is exposed to longer sputter cycles for cleaning, it forms pit-like 
structures on the surface as shown in Fig. 4.3. Even though the surface is very clean, 
it is filled with 15 -  20 A deep holes. This pit formation is undesirable as it makes 
layer by layer growth extremely difficult
4.2 STM  M easurem ents
STM images of the Fe deposited on the Cu(100) surface were taken after the 
cleaning and growth process. The scanning tip was properly cleaned by field 
evaporation method before being used. Tungsten tips were used when oxygen was 
not involved and Pt/Ir tips were used when oxygen was dosed in the STM chamber. 
All the images were taken at constant current mode with positive sample bias o f 0 to 2 
volts and a tunneling current of 0.3 nA to 3 nA. The sample bias and tunneling current 
were adjusted in order to optimize the image resolution.
4.2.1 Fe Coverage less than  1 ML
In order to quantify the growth behavior, a series o f images of Fe on 
Cu(100) were taken for different coverages o f Fe at room temperature. Some 
immediate quantitative conclusions can be reached after examining the structure of the 
images shown for four coverages in Fig. 4.4.
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Fig. 4 3  (a) A 5 fim2 STM image showing damage due to excessive Ar+ 
sputtering , (b) A 1.17 fimz close up o f (a).
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Fig. 4.4 A series o f 4  STM images of 1000 A2 in size showing Fe deposition on clean 
Cu( 100) at room temperature. The Fe has grown randomly in small islands, (a) 0.05 
ML, (b) 0.15 ML, (c) 0.6 ML and (d) 0.9 ML.
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The Fe is easily distinguished as the light colored islands. The Fe coverage is 
determined directly by measuring the area of the islands from the image. The islands 
grow in size with increasing coverage.
Height measurements for the islands in Fig. 4.4 indicate that they are 
monoatomic islands 1.7 A high. The islands cover approximately 5% of the area of 
the image in Fig. 4(a) and approximately 10% in 4.4(b). However when they are 
adjacent to a Cu step edge they are indistinguishable from Cu and, hence we may 
underestimate the Fe coverage. The step edges for clean Cu(100) are fairly straight 
(see Fig. 4.1). The deposition o f Fe causes these edges to become jagged. This is due 
to some of the Fe migrating to the step edges causing the observed finger-like 
projections along the edge. This may account for a factor of 0.2 uncertainty in the area 
measurement and our estimate of coverage.
Figure 4.4(c) shows the surface for a coverage o f 0.6 ML. We also observe 
the jagged steps due to the migration of Fe to the step edges and still no clear bi-layer 
growth is observed. As can be seen in the figure, Fe deposition onto the clean 
Cu(100) surface results in islands randomly spaced across the surface, with the 
growth nucleating randomly. This is consistent with studies of other epitaxially grown 
transition metals on this surface.(5),(32),(33),(34)
At 0.8 ML ~ 0.9 ML as shown in Fig. 4.4 (d) we observe that the Fe islands 
have almost completely coalesced. The “channels” observed 4.4 (c) and 4.4(d) are 
due to mismatch of Fe overlayer and the underlying Cu surface. A small percentage of 
the area (-1%) has a height equal to two atomic layers (3.4 A). Our results from many 
such sets of Fe growth on Cu(100) shows that the film growth is almost perfect layer 
by layer growth.
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Previously published results report different findings about the onset o f 2nd 
layer growth.(35),(6)Our growth condition and our findings agree very well with 
those o f Kirshner et al.,(36) who also saw layer by layer growth at these coverages.
4.2.2 Fe Coverage beyond 1 ML
As the coverage approaches above 1 ML, the Cu step edges disappear and Fe 
islands begin to coalesce, giving the surface a dendritic appearance (Fig. 4.5). It is 
interesting that the islands still do not coalesce completely to form a complete layer, 
despite the fact that the rate of deposition is slow enough to allow two-dimensional 
growth. This is probably due to the Schwoebel barrier, a  potential barrier at the step 
edge which opposes the migration of the Fe atoms from the top of an island to the 
terrace below.
4.3 LEED m easurem ents
Deposition of Fe on Cu does not change the I-KHIj pattern at any coverage up 
to 2 ML, indicating that the growth o f Fe is epitaxial. ( Fig 4.6 ) fcc-Fe should have a 
lattice constant of 3.58 A at 300K and the Cu substrate 3.61 A at 300K. The small 
mismatch has a minor influence on the T.FFD pattern at these coverages, producing 
the blurring of the initially sharp spots.
4.4 P it form ation
The Fe deposition on Cu for these experiments was done after the clean Cu 
surface was cooled down to room temperature. The time required for this cooling is 
at least an hour. If the copper surface is not sufficiently cool, surface pits are formed 
when Fe is deposited. STM images of pit formation are shown in Fig. 4.7 Again, the 
bright spots indicate Fe islands while the dark patches indicate the pits. Previous 
similar STM results were interpreted as Fe patches in the original Cu-surface layer, 
where Fe atoms replaced the Cu atoms.(34)(35) The displaced Cu forms the larger 
monolayer island. Our results match those of Kirshner et. al(32) who observed pits
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when the deposition was followed by heating. We were was able to produce pit free 
Fe layers by maintaining the surface at room temperature before deposition and 
maintaining a slow rate o f deposidon.(0.2MLper minute).
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Fig. 4.5 A STM image 770 A2 in size, 2 ML of Fe, showing uniform 
growth in layers.
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Fig. 4.6 LEED pattern of 2ML of Fe on Cu(100) at an electron energy of 90 eV.
44
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Fig. 4 .7  An STM image (0.46 /*m2) showing pit formation on Cu(100) after 
Fe deposition at about 350 K.
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Chapter 5:Formation of Iron Oxide on 
Copper
This chapter reports the results of the oxidation of Fe on Cu (100) at room 
temperature and at 810K studied with STM and LEED. The oxidation is studied as a 
function of Fe coverage. The results are categorized into three broad areas:, the 
oxidation of Fe at room temperature, the oxidation o f Fe coverages from 0.05 to 2 
ML at 810 K, and Fe coverages above 2 ML at 810 K.
5.1 Oxidation at room temperature
Our initial studies of the oxidation of Fe consisted of simply exposing the Fe 
overlayer to a pressure of 0 2 at room temperature. This was done in order to view the 
same area of the surface during the oxidation process to see if surface morphology 
played any role in the oxidation. We were interested, for instance, if the oxidation 
started preferentially at the step edges, island edges, kinks or on the terrace surface. 
The 0 2exposure is achieved by filling the STM chamber with 0 2 to a known pressure 
and simply withdrawing the tip for a preset time. When the tip is scanning, it is close 
enough to the surface to effectively block the 0 2 molecules. The tip shadow is 
approximately 500 - 1000 A in diamerer. However, there is a disadvantage that the tip
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may be displaced from its original position, leading to trouble in locating the original 
position.
The Fe-covered surface is exposed at oxygen to various exposures up to 1000 
L. Surprisingly, I did not observe any specific changes in the Fe structure at low 0 2 
exposure at room temperature nor did I observe development o f any new structures. 
At high exposures of more than 100L (Fig. 5.1 (b) and (d)), the islands become ill 
defined with fuzzy edges indicating the formation o f some oxide but no specific 
geometries that could be associated with oxygen atoms.
5.2 Oxidation of Fe coverages up to  2ML a t higher tem pera tu re
5.2.1 STM  M easurem ents
One can only describes the changes in the surface morphology upon oxidation 
as amazing. Where before the edges of the Fe/Cu steps and Fe islands were very 
jagged and the steps fairly evenly spaced at 1.8 A, the steps on the oxidized sample 
are very straight. The oxide forms long islands with totally new structures well
oriented parallel to the [Oil] and [1T0] directions.
The image in Fig. 5.2 (a) shows oxidized 0.2 ML Fe film on Cu(100). The 
growth of the oxide along the preferred direction dramatically controls and 
reconstructs the Cu surface (see Fig. 5.2(b)). Large clean terraces up to several 
thousands of angstroms wide with very smooth edges are now seen where before the 
oxidation the terraces were only a hundred angstroms wide and had very jagged 
edges. The large flat terrace(s) appear to be bare copper. The large terraces terminate 
in a succession of closely packed steps. The oxide is seen as highly decorated long, 
narrow stripes that run down the steps and across the terraces, generally parallel to the
[Oil] step edges. A few oxide domains are seen running in a perpendicular [110] 
direction. Most of these oxide domains have heights of 5.0 A.
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Fig. 5.1 Fe deposited on Cu(100) showing changes with oxygen exposures at 
room temperature. 0.6 ML of Fe, light gray in color, on 700 A2 Cu, dark gray in 
color, (a) before and (b) after 100 L of oxygen exposure. 0.9 ML o f Fe on 
1000 A2 Cu (c) before and (d) after 50 L of oxygen exposure. The oxide that 
initially forms, here, is F e,03-
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Fig. 5.2 STM images of oxidation of 0.2 ML of Fe on Cu( 100).
(a) 2.5 jxm2 in size, shows that the Cu surface has changed drastically 
after oxidation (b) magnified view of the surface (1.15 piwr) showing oxides 
forming at step edges and two preferential orientations parallel to [Oil 1 and 
[Oil j directions.
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Fig. 5.3 STM images o f the oxidation of 1.6 ML o f Fe showing that oxide 
grows only along two directions and that the islands in the two directions do 
not overlap each other, (a) 1.53 /*m2, (b) 0.64 pixrr images.
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Fig. 5.3 shows oxide formation at a higher coverage. Fig. 5.3(a), 1.53 pm x 
1.54 pm in size, is an image of the oxidation o f 1.6 ML o f Fe. We note that the 
surface is only partially covered with oxide at this particular Fe coverage. It requires 
an Fe coverage greater than 3 ML to completely cover the surface with an oxide layer.
Fig. 5.3 (b), o f image size 0.64 pm x0.64 pm, shows dark strips in the oxide 
running parallel to the long dimension o f the oxide domain. We clearly observe the 
preferential growth of this low coverage phase o f Fe oxide in two perpendicular 
directions. Domains are not seen to overlap at any point. The dark stripes have a 
separation o f  approximately 360 A. Fig. 5.4 shows a line scan o f an oxide band with 
a height of approximately 5.0 +0.2 A. The bands are presumably a mechanism for 
relieving stress from the difference between the lattice constants of Cu(100) substrate 
and the oxide overlayer.
We had the opportunity to scan an area with an impurity at an oxide’s island 
edge which allowed in the substructure of the oxide layer to be viewed and measured. 
(Fig. 5.5) The image shows the existence of 4 sublayers each with a height o f
1.2 + 0.1 A. The height of the oxide layer was measured to be 5 A , which is 
consistent with the heights of other oxide domains on the surface. The substructure 
adjacent to the impurity has step height o f 5 A.
Fig. 5.6(a) shows three layers of oxide bands oriented parallel to the [011] 
direction. Increasing the resolution displays a hexagonal pattern. This is persistent 
throughout the oxide islands and between the light regions there is a slight offset 
where it crosses a dark stripe (see Fig 5.6(b)). The separation of individual bumps is 
20.5 A and these are arranged into a hexagon superstructure in which the separation 
of hexagons is measured to be ~41 A shown in Fig. 5.7. These are not images of 
individual atoms, but of superstructure that the oxide assumes. They are most likely
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Fig. 5.5 An STM image (0 .27  ^m2) shows that this Fe oxide consists o f 4  
layers.
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Fig. 5.6 (a) An STM image( 0.25 fiver ) showing 3 layers o f oxide,
(b) higher resolution o f area ( 230 A2) showing the hexagonal superstructure 
runs between two bands which are in [Oil] direction. The superstructure on 
opposite sides o f the dark striped are slightly misaligned..
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from a rumpling of the oxide heights due to differences between substrate and the 
oxide lattice parameters.
Fig. 5.8(a) shows a 1460 A x 1460 A, STM image o f highly ordered iron
oxide band aligned along the [1T0] direction exhibiting the 360 A stripes. Fig. 5.8(b) 
shows an enlarged area o f two bands. The dark component is approximately 0.6 A 
deeper to the top of the band. The hexagonal superstructures detected in these bands 
are shown in Fig. 5.9. Again, the separation of hexagons o f the superstructure is 
measured to be -41 A. It is worth noting that the orientation o f axes o f the hexagons 
are rotated 90° to the axes of hexagons detected in the [011] oxide bands
A second deposition of Fe on a surface which had previously been oxidized 
shows interesting features. The Fe grown on bare Cu does not appear to be different 
(Fig. 5 .10(a)). The Fe islands on the oxide surface do not migrate to any obvious 
special location, contrary to notions that preferential segregation to regions of strain 
should be observed. Fig. 5.10(b) is magnified area o f (a) clearly showing that the 
amount of Fe on the oxide surface is very low compared to the rest of the surface.
We sometimes observe patches with pit formation on Cu terraces after the 
oxidation process. Fig. 5.11(a) shows an area of Cu terrace adjacent to oxide band 
consists with small pits. Pits are 20 to 30 A wide and a few angstroms deep (Fig. 
5.11(b)). This pit formation is mostly observed on oxidation o f submonolayer 
coverages o f Fe. It completely disappears with the oxidation o f 4ML Fe.
5 .2 .2  LEED M easurements
LEED measurements were taken before and after oxidation of the surface. 
Oxidation for Fe coverages o f less than 0.1 ML does not produce any significant 
changes in the LEED pattern. A new pattern appears after -0 .3  ML of Fe coverage 
and remains the same to about 2ML of Fe.
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Fig. 5.8 STM images show iron oxide band formation in the [Oil 1 direction
(a) 1460 A2 size image showing highly ordered bands forming in [Oil 1 
direction with separation o f360 A2 (b) 330 A2 size image showing that 
hexagonal superstructure does not terminate between bands.
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Fig. 5.10 STM images (a) 1 pini2 in size showing 0.7 ML of Fe deposited on 
an oxidized surfaces. There are 2 patches of oxide in the center of the image, 
(b) 0.3 pim2 in size showing only a few islands of Fe on the oxide layer.
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Fig. 5.11 STM images showing pit formation as dark patches in some areas of 
the Cu surface after annealing the surface to 810K. (a) (1300 A2 )pits are seen in 
the Cu terrace adjacent to oxide island (b) 440 A2, is the magnified area of Cu 
terrace in (a).
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Fig- 5.12(a) shows a experimental LEED pattern of 1.5 ML o f  Fe deposited 
Cu surface at an electron energy o f 60eV. LEED patterns before oxidation o f an 0.8 
ML Fe film clearly shows fee structure from the Cu substrate and Fe overlayer. Fig 
5.12(b) is the LEED pattern o f the surface after oxidation. It shows extra LEED spots 
appearing due to new structures in the oxide film. Fig. 5.12(c) is a  schematic of 
LEED pattern o f (b). Black circles indicate the Cu atoms from the substrate, while the 
open circles and ovals represent the two domains of oxide. This schematic 
corresponds to a 60 eV LEED pattern and represents one third o f the hexagon. Figure 
5.12 shows two hexagons that are rotated by 90° with respect to each other.
5.3 Oxidation of Fe coverage above 2 ML
5 .3 .1  STM  m easurem ents
At coverages above 2 ML, we continue to see the oxide we saw for Fe 
coverage of less than 2 ML. However, we now observe a new oxide structure which 
is similar to the long strips o f oxide observed at lower coverage but with different 
orientation and spacing of the dark stripes of approximately 170 A.
The STM images in Fig. 5.13 are from the oxidation of a 3 ML film of Fe. 
Fig. 5.13 (b) is a magnified view of a section of image (a) and contains most o f the 
new distinctive features. The images show the oxide islands with 360 A separation
along both [Oil] and [HO] directions as before. Four images in Fig. 5.14 were taken 
from different parts of the sample and represent the appearance o f all the sites that 
were imaged. The Fe-oxide terraces are typically a few microns long, and a  few tenths 
of a micron wide. In addition, a new structure is clearly visible with dark bands that 
are separated by 170 A. Unlike the 360 A banded islands which grow predominantly
in the [011] and [llO] directions, the 170 A  banded islands grow mostly in a direction 
30° from the [010] azimuth as shown in Fig. 5.15.
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Fig. 5.12 Experimental LEED pattern at an electron energy 60 eV (a) before 
oxidation (b) after oxidation of Fe (< 2 ML coverage). Two separate domains are 
observed in (b) with one giving elongated spots due to disorder.
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Fig. 5.12(c) A schematic of LEED pattern showing Cu fee structure as black 
dots, and the pattern of two oxide domains as open and oval circles.
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Fig. 5.13 STM images of Fe oxide from a film with 2.5 ML Fe initial 
coverage. The oxide islands have 360 A2 and 170 A2 bands (a) 1.5 tim2
(b) 032  fiTcr
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Fig. 5.14 STM images of Fe oxide from a film with 2.5 ML Fe initial coverage. The 
oxide islands have 170 A bands (a) 0.95 /imf (b) 0.82 y.vcr (c) 0.54 pirvr (d) 0 3 8  fim 2
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Fig. 5.15 (a),(b) and (c) display images taken from different areas on the same 
sample. These images show that new structure forms after the oxidation of 
3 ML of Fe. (d) is a section of step edge of the new structure showing 60°angle 
termination.
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Fig. 5.15 is from an Fe coverage o f 3.5 ML. Here, the entire surface is dominated 
by the new structure. Most of the steps in the structure are 1.6 ±  0.2 A high. In Fig. 
5.15.(a) through (c), we see the step edges are very sharp and well defined with 
termination of long stripes at 60° angles (see Fig 5.15(d)). A range o f steps heights 
from 0.5 A to 2.2 A has been observed. Fig 5.16 Images (a) showing the oxides 
with 360 A bands formed on the oxide layer with 170 A bands. A close up view of 
the decorated patch 360 A period is shown in Fig. 5.16(b). The dark contours 
surrounding this patch indicate clearly that this is a separate domain. In the 
background are seen the strips with 170 A period. Of note is the way in which these 
170 A strips curve around the patches with large separation, almost in a manner of 
trying to accommodate them. Figure 5.16(c) is a high resolution image taken in the 
new structure showing hexagonal superstructure. Figure 5.16(c) is a section of the 
new isolated structure at a higher resolution showing the hexagonal superstructure. 
An arrow indicates the band direction of the new structure.
Fig.5.17 shows an STM image indicating the surface is fully covered by 
oxides after approximately 4 ML Fe deposition. In addition to these uniformly 
covered region, one finds small patches of 360 A strips that also seen earlier Gower 
right comer) while the new structure dominates the surface after oxidation of 4 ML of 
Fe. In figure (b), large patches of oxide of different heights are seen. The different 
contrast of the different patches indicate different heights, the darkest being the 
lowest, the lightest being the regions with most heights. In all, about five different 
layers are seen indicating the new structure forms with multiple step heights.
5 .3 .2  LEED Measurements
The LEED pattern for the oxide from the greater than 2 ML Fe coverage (Fig. 5.18) 
differs significantly from that for the lower coverage. The spots from the oxide layers 
form a hexagonal pattern with a well-defined alignment relative to the Cu substrate. A
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Fig 5.16 Images (a) 4500 A2 and (b) 2400 A2 showing the oxides with 360 A 
bands formed on the oxide layer with 170 A bands (c) 180 A2 is a section of the 
new isolated structure at a higher resolution showing the hexagonal superstruc 
ture. Arrow indicates the band direction of the new structure.
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Fig.5.17 STM images indicate the surface is fully covered by oxides after 
approximately 4  ML Fe deposition, (a) 0.97 pm 2 image shows small portions of 
the 360 A bands are present (lower right comer) (b) 1.1 /<m2 image shows the 
170 A structure forms with different step heights.
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Fig. 5.18 (a) Experimental LEED pattern at an electron energy 90 eV after 
oxidation o f Fe (> 2 ML) (b) A schematic diagram of LEED pattern showing 
Cu(100) fee structure as black dots, and the pattern of oxide as an open circle.
70
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Schematic of this T.KFD pattern is shown in Fig. 5.18(b). Circles represent the 
position of the Cu LKFD spots. Open and filled ellipses are used to distinguish the 
two domain orientations. Note that the LEED spots that appeared for the oxide at less 
than 2 ML Fe coverage are completely diminished. The oxide spots are ascribed to the 
internal structure of the oxide overlayer and not to the hexagonal superstructure. 
Unfortunately, our T.FFD patterns do not reveal the superstructure seen in STM 
images.
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Chapter 6: Discussion
6.1 Fe Growth
Surface energy effects mainly govern Fe growth on Cu(100) at low coverage. 
It is known that the surface free energy of Fe (2.84 J/m2) is higher than that of Cu. 
One would then expect Cu to coat iron unless kinetic barrier keep the system from 
reaching thermodynamic equilibrium. This is the case here. Fig. 4.4 shows layer-by- 
layer growth basically identical to that observed by Kirschner.(36) The effect of the 
crystalline mismatch of about 0.7% only plays a minor role at these low coverages. 
Thus the growth corresponds closely to the epitaxial growth of fee Fe. Some second 
layer growth can also be observed around ~ 0.8 ML coverage and the Schwoebel 
barrier oppose the completion of the 1“ ML until well onto second layer growth.
6.2 Oxidation o f Fe films below 2 M L
The STM images of the Fe oxide for Fe coverages below 2 ML show the
formation of micron long islands along two preferential directions ([Oi l] and [1T0]) 
which are perpendicular to each other. These two types o f islands never overlap 
indicating they are considered to be two crystallographically different orientations of
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the same oxide. The preferential directions o f oxide formation is identical to the two 
high symmetry axes o f the fcc-Cu(lOO) structure. Therefore, we conclude that once 
the oxide starts to nucleate at some point, mostly on step edges, it starts to grow 
preferentially along its long axis. Even though most of Fe islands were distributed on 
the Cu terraces prior to oxidation, the oxide coverage is about 25% o f the initial Fe 
coverage. Moreover, most of the oxide islands form on flat terraces. We conclude that 
as the oxide strips form, they force Cu atoms to migrate provide these relatively flat 
terraces. This results in room temperature migrate towards the step edges before 
forming ordered pattern on the highly stepped regions near the edges o f the oxides. 
The driving force in this process is an energy minimization. Bonding energies in a 
typical ionic lattice are ~ 10 times those in a metal. The configurations we observe 
result from a balance between the drive to produce a single-crystalline oxide and the 
additional energy involved in highly-stepped regions of the substrate.
Both domains of the Fe oxide show two lands of superstructures. One is 
hexagonal superstructure with 21 A periodicity and the other is a series of dark stripes 
separated by 360 A. These superstructures occur due to a slight lattice mismatch of the 
oxide layer and the underlying substrate. Both structures will be discussed in detail 
later in this chapter.
We have identified this oxide as FeO (lll) on the basis of a model which is 
consistent with both STM and LEED data. As shown in Fig.5.12, LEED 
measurements on the surface of an oxide film produced by < 2ML Fe coverage, show 
two hexagons, each associated with two oxide orientations observed by STM. 
Fig.6.1 shows a simulated LEED pattern of an oxide overlayer on Cu(100) produced 
by taking a 2D FFT of a scale diagram of FeO (lll) on Cu(100). Experimental data 
shown in Fig. 6.1 show a complete hexagon very similar to the simulated LEED 
pattern on FeO on Cu(100). The simulated LEED data only shows one hexagonal
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Fig. 6.1 The Fourier transform of one domain o f the structural model of 
FeO(l 11) on Cu(lOO).
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pattern because it was produced using only one oxide domain. The experimental 
LEED data however, show two hexagons corresponding to two oxide domains 
present on the same Cu surface. The LEED simulation for FeO is in very good 
agreement with our experimental data. Similar computer simulations for FejOj (0001) 
and Fe3 0 4 (111) oxides give additional spots which are not seen in our data, 
effectively mling out these other oxide phases for initial Fe coverage below 2 ML.
Our LEED data indicates that at low Fe coverage, F e O (lll)  is formed. 
Additional evidence for FeO is obtained from measuring the step heights in the STM 
images. The step height o f the oxide islands is 5 .0  ± 0 .2  A with respect to the 
underlying Cu substrate. Fig. 5.5 gives the STM image of an island with an impurity. 
We can observe four sublayers the height of each layer is 1.2 ±  0.5A. This is in 
excellent agreement with the structure o f FeO(l 11). The layer separation between O 
and Fe for crystalline F eO (lll) is 1.24 A(17) and the bilayer height of F eO (lll)  of 
4.96 A matches very well with our experimentally obtained oxide island height.
A more detailed inspection o f the remarkable hexagonal superstructure is 
shown in Fig. 6.2 that illustrates their structures, orientations and dimensions. The
hexagons have their axes oriented at 45°, 105° and 165° with respect to the horizontal
[010] direction. Importantly, the hexagons are not regular, but compressed slightly 
perpendicular to the direction o f the strips. The hexagonal unit cell has a periodicity o f 
about 41 ±  2.0 A.
In the simulation we use a F eO (lll)  layer with a lattice constant of 3.04 A 
superimposed it over a Cu(100) substrate with a 3.59 A lattice constant. Fig. 6.3 
shows the formation of the superstructure where the filled circles represent the Fe2+ 
cations while open circles represents the Cu atoms. The superposition of the Fe2+ 
cations on the Cu atom produces the hexagonal superstructure. The interatomic 
distance of this superstructure is 21.06 A. Comparing this with our experimental
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Fig. 6.2 A model for the FeO oxide orientation on Cu(100). Fe2+ cations are the 
small circles and a step up to an oxygen layer is in the top left. This structural 
model also provides the origin of the 20.5 A superlattice structure.
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Fig. 6.3 A structural model for the Fe30 4 oxide orientation on Cu( 100). Also, this 
structure provides the orientations and dimensions ( 20.5 A) of the superlattice structure. 
In the model, the tetrahedral Fe are the small dark spheres, octahedrally-coordinated Fe 
are larger and oxygen ligands are given in successive layers to the top, left of the 
diagram.
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observations, we observe an F eO (lll)  structure which is compressed 2.1 % along 
the row and 3.1% perpendicular to the row.
6.3 Oxidation of Fe films above 2 ML
The oxide that forms at high Fe coverage is different from the FeO that forms 
at low coverage. Unlike the FeO islands, which are generally isolated, this new oxide 
grows in large patches that are more uniformly distributed on the Cu surface. The 
edges of the oxide islands are straighter than the FeO edges. Moreover, the direction 
of the edges are often not aligned along the high symmetry directions, i.e., [Oil] and
[lTO] of the Cu(100) surface as is the case for FeO. The dark stripes still exist but 
now their separation is 170 A. We also observe the distorted hexagonal superstructure 
and its axes are oriented perpendicular to the stripes rather than along it as observed 
for the FeO. However, it does have the same hexagonal spacing (21 A).
The step height o f well ordered step edges is 1.6 ± 0 .2  A. However, unlike 
the FeO where we had one uniform step height, we observe several different step 
heights for this new oxide layer. This indicates a more complicated internal structure. 
The orientation of edge termination will be discussed in detail later in this chapter.
A model of Fe3 0 4 spinel structure over fee Cu(100) gives a superstructure 
(see Fig. 5.16) similar to that observed from STM images. A closer look at the spinel 
structure shows that the atoms are more closely spaced along certain directions 
compared to other directions. As seen in Fig. 6.3 atomic rows in 15°, 70° and 135° 
directions are more closely packed compare to any other directions. This could 
explain why we see well defined step edges in STM images o f oxide layer in those 
orientations. It is more stable for oxide layer to terminate in orientations where atoms 
are packed closely in a row in the structure.
The LEED patterns shown in Figs.5.18. reveal the existence of a completely 
different oxide structure when compared to the LEED pattern observed for the FeO.
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We now see a smaller hexagonal contribution to the LEED pattern compared with that 
from to the FeO. We have simulated LEED patterns for Fe20 3(0001) and F e ^  (111) 
on Cu(100). Comparison with our experimental LEED patterns shows that we are 
not able to distinguish categorically between the two oxides. However, there are 
differences between the simulations, particularly in the intensities of the multiple- 
scattering (substrate & overlayer) spots. The Fe20 3 simulation tends to more 
uniformly intense spots whereas the F e ^  exhibits spots that vary significantly in 
intensity. From a comparison of the spot intensities in Fig. 6.4 with that o f the 
simulation, Fig. 6.5, we tend towards identifying the oxide phase as Fe3 0 4.
Observed step heights also provide supporting evidence that the phase which 
forms is Fe30 4, that is, the more complicated o f the two with several different 
possible ion terminations compared to the FejO-j (0001) which only has 2 
terminations. Since our STM images show several different step terminations, we 
again conclude that we have an Fe30 4 (111) surface. The heat of transformation of 
FeO Fe20 3 and Fe30 4 are -272, -826, and -1121 kJ/mol respectively indicating 
Fe30 4 is the most stable oxide out of those three.
Ordered structures on the hematite F e ^  (0001) have been imaged by Condon 
et al.(25) After sputtering and annealing in 1 x 10 6 mbar 0 2 at 1000K, STM shows 
that the surface is terminated with a F e ^  (111) epitaxial layer. In this case Condon et 
al., used STM to confirm observation by LEED.
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Fig. 6 .4 The Fourier transform of the structural model of a -F e ,0 3(0001) 
Cu(100).
80
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
[ _
Fig. 6.5 The Fourier transform of structural model for Fe.O.( 111) on Cu( 100).
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Chapter 7: Conclusion
The work reported in this thesis is an experimental study of the growth of an 
oxide on a dissimilar metal. This work is particularly significant in three respects.
First, it is one of the few cases where extremely well-ordered oxides are 
grown on a metallic surface without oxidizing the substrate as well. Most often, 
oxides are grown on other oxide surfaces, obviating the need to prevent substrate 
oxidation. Other cases reported in the literature involve growth on substrates such as 
Pt which are already almost chemically inert to modification in most applications.
Secondly, the product in this oxidation is a magnetic material which has been 
predicted to provide carriers o f only one spin orientation. We have learned how to 
produce this material in a well-ordered form. This may provide a significant new step 
towards the development of microelectronic devices such as magnetic RAM and more 
sensitive computer disk head sensors based on spin-dependent transport
Third, we have produced this oxide on a substrate that is compatible with 
current device components. This is an extremely important aspect o f this work that 
cannot be overemphasized. Prior work showing growth on oxide substrates is
82
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
interesting from a fundamental viewpoint but it is not extensible in a direct manner to 
technologically interesting applications.
In addition, these studies have provided some interesting observations o f the 
fundamental processes at work in thin film growth and oxidation. In this study, I have 
focused on the oxidation of various Fe thickness to see the development o f the oxide 
phase. I have primarily relied on a UHV STM and LEED systems for the experimental 
results. I have found that clean Cu(100) crystal, sputtered and annealed properly, 
gives large defect free terraces that can facilitate epitaxial growth of Fe. Due to the 
slight misorientation of the crystal, the majority of the steps are found perpendicular to 
[010] direction. Fe films in submonolayer coverages exhibit epitaxial monatomic 
island growth. At a coverage of 0.8 — 0.9 ML, the islands coalesce to cover the 
surface uniformly with very little second layer growth visible. This confirms excellent 
layer by layer growth of Fe on Cu(100) at room temperature. These STM findings are 
supported by LEED data.
For initial Fe coverage less than 2ML, oxidation by annealing in an oxygen 
atmosphere changes the surface drastically. Well-oriented Fe oxides grow in micron- 
long strips, forcing Cu to flatten locally forcing substrate steps aside. Dark stripes 
along these oxide strips are observed as slight modulations in z-heighL These regions 
are believed to provide strain relief due to lattice differences between the oxide and the 
substrate. Upon closer examination, the atoms are arranged in a fashion that creates a 
hexagonal superstructure. Experimental STM results and LEED data compared with 
simulated LEED patterns provide evidence that the oxide formed from < 2ML is FeO.
As the initial Fe coverage increases, a new structure forms, coexisting with 
the FeO. The new structure grows in large patches rather than in long strips yet it also 
has dark stripes indicative of reconstruction providing strain relief. After oxidation of 
four monolayers of Fe, the new structure almost completely covers the Cu surface.
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Both LEED and step-height profiles completely eliminates any possibilities that this 
structure is FeO. LEED simulations were done for FejOj or Fe30 4 on Cu(100). 
Although the simulations for LEED on F e ^  and Fe3 0 4 resemble one another, 
intensity arguments suggest that the latter phase is observed. STM measurements on 
iron oxides show multiple terminations of the surface. Fe3 0 4 is a  more stable 
compound with a multiple termination structure while F e ^  has a two terminating 
structure that is unstable at high temperatures. Therefore, these results are compliant 
with Fe3 04, demonstrates there is a strong evidence supporting my argument that the 
new structure is Fe30 4.
Finally, some o f the results obtained from these STM are not well understood 
and suggest that additional work needs to be done. For example, i f  the dark stripes are 
due to strain relief, why is it that Fe does not like to be localized there? (see fig. 5.11) 
What is the nature of the pits that are formed on Cu terraces during oxidation 
processes? Or, for example, what is the nature of ordered reconstructions that 
sometimes appear in the Cu terraces near oxide islands?
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